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During the third year of this contract, research emphasis was placed on the improvement and field evaluation of a practical test kit for the detection and monitoring of highly active esterases that are responsible for organophosphate insecticide resistance in mosquitoes. The evaluation of the test kit was performed on 40 field populations of mosquitoes in eight abatement districts in California and one in New Mexico. The results demonstrated the usefulness of the test kit in detecting Cule.x mosquitoes that are resistant to organophosphates due to the presence of highly active esterases.
Other research has provided information on the geographical distribution of various highly active esterases in the U.S. and certaip foreign countries, and on the classical and molecular genetics of these esterases.
X e~In conducting research utilizing recombinant DNA technology, the 4vtigator(s) adhered to current guidelines promulgated by the National Institutes of Health. 
OBJECTIVES
Effective management of insecticide resistance in pest populations that are under chemical control relies in large part on the development of simple tests to detect the presence of specific resistance genes (or mechanisms) in individual insects and to monitor their frequencies through time and space. During the current year emphasis was placed on the following objectives: (1) Research on non-specific esterases and field evaluation of a test kit for detection of organophosphate-detoxifying esterases and organophosphate (OP) resistance; (2) Research on insensitive acetylcholinesterase (AChE) and refinement of a diagnostic test for detection of insensitive acetylcholinesterase and OP/carbamate resistance; and (3) Further studies on other mechanisms of resistance aimed at improving the prospects for developing other diagnostic tests.
2.
"NONSPECIFIC" ESTERASES:
Influence of mosquito age or exposure to insecticides on esterase activity
Studies on the variation of "non-specific" esterase activity (i.e. activity toward naphthyl acetate) as influenced by aging of mosquitoes or exposure to insecticides were continued. Aging was found to be associated with an important loss of esterase activity in both male and female mosquitoes (40% by day 28) (Fig. 1) . However, the esterase activity remaining in such mosquitoes was still considerably higher than that found in young, susceptible insects.
The effect of mosquito contact with OP insecticides on the level of esterase activity was determined by exposing 2-day old adults for one hour to WHO filter papers impregnated with 1% fenitrothion, homogenizing mosquitoes at various time intervals thereafter, and measuring esterase activity. No significant suppression of esterase activity was observed in these mosquitoes immediately after exposure or during the subsequent 96 hours (Fig. 2) . However, studies of in vitro inhibition of esterase activity by fenitrothion in homogenates of resistant larvae over a 10-minute period showed that inhibition was complete at a fenitrothion concentration of 0.25% (Fig. 3 ).
Role of esterases A2B2 and A4B4 in resistance
Research on the role of highly active esterases A2 and B2 in OP resistance and on their linkage relationships to the genes encoding esterases A l and B 1 was completed (publ. No. 15) . Research is currently under way on the genetics of the newly discovered esterases A4 and B4 in strains of C. p. pipiens from Cyprus, Corsica and mainland France (and possible also Tennessee). The resistance of the Cyprus strain containing these esterases has increased from 8x to 16x (at LC 50 ) during four generations of selection with temephos.
Geographic distribution of esterases
Field surveys to determine the geographic distribution of various esterases involvea in OP resistance were continued. Samples of C. p. pipiens and C. p. quinquefasciatus collected from various states and foreign countries were examined (a) by electrophoresis for types of esterases present, (b) by microtiter plate assay and/or FP/Est for total esterase activity, and in most cases (c) by bioassay with temephos, chlorpyrifos, fenthion and malathion (Table 1) .
Research on molecular genetics of esterases
The increased activity of esterases B2 (in C. p. quinquefasciatus and C. p. pipiens) , and B3 (in C. tarsalis) was shown to be due to overproduction of these esterases resulting from gene amplification (publ. No. 17), as had been found earlier with esterase B1 in C. p. quinquefasciatus (Mouch~s et al. 1986, Science 233:778) . The amplification levels of B esterases were determined to be between 18-and 512-fold the level found in susceptible strains. The variability of "amplification units" encompassing esterase B genes was analyzed by restriction enzyme digestions: large differences were found between the amplification units of different esterase B genes, but almost none between those of esterase B2 genes from North America, Asia or Africa. (This study was conducted collaboratively with Dr. N. Sivasubramanian, University of California, Riverside, and laboratories at Montpellier (Dr. N. Pasteur) and Antibes (Drs. J. Bergd and C. Mouch~s), France.
Variation of high esterase activity in populations
The variation of esterase activity levels among individuals of a highly resistant strain (Tem-R with esterase B 1), a susceptible strain (S-Lab) and in progeny of their reciprocal crosses (FI(SL), FI(TR)) was investigated in two separate experiments (publ. No. 18). The esterase activity distributions of the strains are shown in Figs. 4, 5, and 6. The Tem-R strain exhibited 126 and 111 times the esterase activity of the SLab strain in experiments I and 2, respectively ( Table 2) . The relationship between Tem-R and the F 1 strains was fairly consistent over experiments, with the F 1 strains exhibiting between 59 and 63 percent of the activity of Tem-R (Table 2) .
In both experiments, the mean esterase activity of S-Lab females was significantly higher than that of S-Lab males. While female mean esterase activity was higher than that for males in F 1 strain comparisons, none of the differences was statistically significant. In contrast to the other strains, Tem-R males had higher esterase activity than females in both experiments, the difference being significant or close to significant in both experiments.
Establishing the functional relationship between esterase activity and resistance will lead to better predictive models of how amplified esterase B 1 genes respond to insecticide selection in natural populations. The Tem-R strain exhibited about 120-fold the esterase activity of the S-Lab strain, yet its resistance ratio at the LCs 0 was about 590 (Table 3 ). This could be due to the contribution of a number of esterases to the activity measure of the S-Lab strain, some of which are not involved in insecticide detoxification, while the activity of the Tem-R strain is overwhelmingly due to the B 1 esterase.
Using resistance ratios for comparison, the Tem-R strain showed about 7.8x the level of resistance of the F 1 strains (Table 3) . This compares to a 1.6x difference in esterase activity between the F 1 strains and Tem-R (Table 2) . This difference may be a matter of the scale on which resistance is measured. When resistance is represented on a log scale, as the log of the resistance ratio, the Tem-R strain exhibits about 1.5x the resistance of the F1 strains, a much closer fit to the observed 1.6x difference in esterase activity.
Stability of high esterase activity in laboratory populations
To determine the effect of relaxation of selection on generation to generation changes in esterase activity and resistance, the highly resistant strain, Tem-R, was reared for one generation (P) without its usual selection with the organophosphate insecticide temephos. The strain was split into two lines, A and B, which were reared separately without selection for five additional generations (F 1 -F 5 ).
Resistance fluctuated somewhat from generation to generation in both line A and line B (Figs. 7 and 8 ). However, no general decline in resistance was observed in either cage over the five generations of the study. Mean esterase activity also fluctuated over generations (Figs. 9 and 10), again with no detectable trend toward lower mean esterase activity. In addition, there was no indication that the range of esterase activities was expanding as generations progressed (Figs. 9 and 10).
These results suggest that the amplification of B 1 esterase genes is relatively stable genetically under the optimal conditions of rearing employed in this study. That is, there is no apparent tendency for genetic processes to reduce the mean copy number of esterase B 1 genes in gametes.
TEST PROCEDURES FOR HIGHLY ACTIVE ESTERASE DETECTION
Filter paper test (FP/Est test)
A filter paper test (FP/Est test) for detecting the presence of esterases that are involved in OP resistance, based on the method of Pasteur and Georghiou (1981, Mosq. News 41:181) was improved further for use under practical field conditions (publ. No. 13). The method is based on the deposition of mosquito homogenates on filter paper which is subsequently incubated in buffer containing alpha-naphthyl acetate and then immersed in a staining solution containing Fast Garnet GBC to reveal the esterase degradation products. This improved procedure permits clear discrimination of increased esterase activity in single mosquitoes by visual inspection as well as by densitometric analysis.
Validation tests which were performed in the laboratory on several field collections of mosquitoes confirmed that the proportion of insects with susceptible-like esterase activity observed by means of the FP/Est test is strongly correlated with the proportion found to be susceptible by standard bioassays with chlorpyrifos, temephos, fenthion and malathion (publ. No. 13).
Development of afield test kit for highly active esterases
In view of the favorable results obtained with the FP/Est method, a prototype test kit based on this procedure was formulated for use under field conditions (see Appendix No. 1 for description of kit and procedure). After intensive testing in the laboratory, samples of the kit were distributed to entomologists in nine Mosquito Abatement Districts (eight in California, and one in New Mexico) for field evaluation. To ensure correct use of the kit, a training workshop was organized (June 10, 1988) . In addition to receiving test kits, the collaborators also received written detailed procedures, forms for reporting results, and solutions of temephos, chlorpyrifos, fenthion, malathion, permethrin, and propoxur of the appropriate concentrations for diagnostic bioassay tests. The report forms and test papers were returned to us for analysis and evaluation. Results were received from 8 collaborators. One test kit had_ been exposed accidentally to high temperatures in an automobile and was discarded. In all, the test kits were used against 40 larval collections (Table 4) .
Tests were conducted mostly on C. p. quinquefasciatus and C. p. pipiens larvae (25 collections), but a smaller number of tests were made on C. tarsalis, C. peus, and to a limited extent on Psorophora colombiae and Aedes nigromaculis. The results of "visual" interpretation of the filter paper tests by M.A.D. entomologists were compared to densitometric evaluation of the filter papers in our laboratory.
In our earlier tests by the FP/Est method using adults of the Culex pipiens complex, it was determined that the threshold optical density (OD) which discriminates between mosquitoes with a highly active esterase and those in which such esterases are of low activity or absent, is OD = 0.10 (publ. No. 13). In the present tests on larvae, a consistent increase in esterase activity was noted from the 3rd to the late 4th instar in susceptible strains, most probably related to the increase in larval size during the developmental period. When data from all instars were pooled, it was concluded that the ODs that discriminate between insects with susceptible-like and resistant-like esterase activities in C. pipiens larvae lay between 0.15 and 0.20.
In tests involving the field collections, the proportions of insects with OD values below 0.15 and below 0.20 were overall very similar (Table 5 ). Only in 3 of the 25 collections of C. pipsens, these values were significantly different (P = 0.05). Visual interpretations by field entomologists were in general related to the densitometric measures, i.e. entomologists interpreted as S (= insects with susceptible-like esterase activity) the spots with the lowest intensities. However, as shown by the sample data from San Mateo, they had difficulty in deciding on the "threshold" staining intensity which distinguishes between susceptible-like and higher esterase activities (Fig. 11) . This difficulty may be overcome by including a color chart in the FP/Est test kit.
In C. p. quinquefasciatus and C. p. pipiens, the relation between the proportion of insects with susceptible-like esterase activity was in most cases consistent with the mortality obtained at discriminating doses of insecticides (i.e. doses that are lethal to susceptible but not to resistant individuals). Bioassays at discriminating doses were conducted by the field entomologists on 16 of the 25 C. pipiens collections, but only 15 were considered (collection WV-2 was eliminated as it contained both C. pipiens and C. peus). Mortalities at discriminating doses of temephos, chlorpyrifos, fenthion and malathion (Table 6) were not significantly different from one another in the 5 collections which were very susceptible to the four OPs tested (San Mateo-4, Butte-I, -2, -3 and WV-1). In other collections large variations were observed in the mortalities induced by the different OPs. No particular pattern could be detected in these variations, and they may be due to a variety of factors, such as differences in the resistance spectra related or not to histories of insecticide exposures, bioassay procedures, etc.
Highly active esterases were absent from the small samples of C. peus and Ps. colombiae that were tested, but were present in the samples of C. tarsalis and Ae. nigromaculis.
Field entomologists provided useful comments which prompted further research toward improvement of the kit. Thus we investigated the effect of delays in the time between preparation of homogenate and its deposition on filter paper. No significant loss of activity was observed during waiting periods of up to 40 minutes (Fig. 12) . However, delaying the processing of the filters after the deposits had be~n made resulted in complete loss of esterase activity within 10 minutes, i.e. .'hile the deposits were drying (Fig. 13) . Provision for these findings was added in the test protocol.
Conclusions and future plans: Field evaluation of the FP/Est test kit by personnel of mosquito control agencies has confirmed our laboratory results by showing the usefulness of the test in (a) detecting Culex mosquitoes that are resistant to OP insecticides due to increased activity of detoxifying esterases, and (b) determining the frequency of resistant individuals in a population. It is now essential to distribute and test the kit more widely, both in the U.S. and overseas in order to determine its applicability under the widest variety conditions.
INSENSITIVE ACETYLCHOLINESTERASE AND OP RESISTANCE
Research on insensitive acetylcholinesterase
A strain of C. p. pipiens isolated from a collection made in Cyprus, contained an insensitive AChE. Preliminary results with this strain have shown the presence of inhibitory properties that are different from those observed in a strain (MSE) from France. The Cyprus strain is being selected by propoxur to maximize its resistance. Comparative studies with these two strains (Cyprus and MSE) could provide basic information on the patterns of cross-resistance that are associated with different insensitive acetylcholinesterases.
Work toward cloning the AChE-R gene is contemplated as an essential step for better understanding the role of this important enzyme in OP and carbamate resistance. We are now producing and deep-freezing large numbers of C. p. quinquefasciatus and C. p. pipiens in order to purify at least 250 .tg of enzyme which will be used to obtain a specific antibody.
Development of a test for insensitive AChE
During the current year, we have used extensively the microtitration assay test for AChE (MT/AChE test, see 1987 Annual Report) in order to search for cases of reduced AChE sensitivity, and hence of OP and carbarnate resistance, in populations of C. p. pipiens and C. p. quinquefasciatus in the U.S. and other countries. The test involves comparing AChE activity in four aliquots from single mosquito homogenates in microtiter plates (a) under "normal" conditions, (b) in the presence of a model inhibitor of AChE, and (c, d) in the presence of a carbamate (propoxur) or an organophosphate (paraoxon) at doses which inhibit sensitive AChE but have little or no effect on insensitive AChE.
No reduction in sensitivity of AChE has been selected in U.S. populations of C. p. quinquefasciatus, C. p. pipiens or C. tarsalis as indicated by tests on several collections from California and other states (Table 7) . We have found insensitive AChE in C. p. pipiens populations collected in Cyprus and Greece. Insensitive AChE appears to be a common mechanism of OP resistance in European C. pipiens populations. It is also widespread in the malaria vector Anopheles albimanus in Central America and to a lesser extent in certain other Anopheles species elsewhere. Thus, the possibility of such mechanism of resistance appearing in the U.S. mosquitoes cannot be excluded. In order to determine whether homogenates of single mosquitoes can be used to test both for insensitive AChE and for the level of detoxifying esterase, the distribution of these enzymes in different parts of the insect body was investigated. Abdomens of Culex p. quinquefansciatus, were found to contain 50% to 57% of the insect's total esterase activity, whereas the head and thorax combined contained 79% to 88% of total AChE activity (Fig. 14) . These results suggest that these different body parts can be used, respectively, for esterase and AChE tests.
MALATHION-CARBOXYLESTERASE
A strain of C. p. quinquefasciatus obtained from Guatemala shows 29x and 7x resistance to malathion and phentLoate, respectively, but no significant resistance to other organophosphates (temephos, chlorpyrifos and fenthion) or to propoxur and permethrin. This resistance is completely synergized by the esterase inhibitor DEF, but the strain does not manifest the presence of an esterase of high activity as is found in strains with broad spectrum OP resistance. We suspect that the strain's resistance to malathion is due to "malathion-carboxylesterase" and we are currently selecting it with malathion in order to analyze its resistance characteristics and to use it as a reference strain for the development of a malathion-carboxylesterase diagnostic test.
GLUTATHIONE-S-TRANSFERASES (GSH) AND MIXED FUNCTION OXIDASES (MFO)
Attempts to formulate tests for the presence of GSH-or MFO-mediated enzyme activity in resistance mosquitoes have not been satisfactory. It appears that the development of practical detection tests for these enzymes must await the availability of antibodies or DNA probes. Since very large quantities of mosquitoes are needed for this type of work, preliminary investigations have been undertaken using Musca domestica. Presently, emphasis is placed on GSH, of which two proteins have been purified by our collaborators in France (laboratories of CNRS at Montpellier and INRA at Antibes) from fly strains provided by our laboratory. Antibodies will be prepared against these proteins and a cDNA bank subsequently isolated. These will be tested against susceptible and resistant mosquitoes. It must be pointed out, however, that laboratory tests so far suggest that the role of GSH in mosquito resistance may be of secondary importance, and that MFO's are of some significance mainly in pyrethroid resistance.
MECHANISMS OF OP RESISTANCE IN AEDESAEGYPTI
A strain of Aedes aegypti obtained from Tortola, Virgin Islands, in the course of a recent survey, was found to possess high (41 x) resistance to temephos (publ. No. 11). The strain was selected further by temephos pressure in the laboratory during 9 generations and its resistance was raised to 182x. This resistance was found to be suppressible by DEF, suggesting the involvement of detoxifying esterases. Esterase activity has increased under selection by temephos, as shown by MT/Est tests. However, electrophoresis shows only slightly higher esterase activity in the resistant relative to a susceptible (Rock) strain. Tests are under way to determine whether in addition to esterases, other mechanisms may also be involved. a LC 5 0 -the concentration of insecticide expected to produce 50% mortality among the treated individuals.
PUBLICATIONS
b RR -the LC 50 of a strain divided by the LC 5 0 of the S-Lab strain (a) number of larvae tested; (b) * = significant at the 0.05 level. 48 96 TIME (HRS) Fig. 3 . In vitro inhibition of non-specific esterase activity of homogenates of C. quinquefasciatus by various concentrationsof fenitrothion. 
Diagnostic dose test
For the purpose of standardization, we recommend that you test a total of 60 to 100 early 4th-instar larvae with each insecticide, using 20 larvae per beaker (containing 99 ml water and 1 ml of insecticide standard solution). It is suggested that these tests be spread over two or more days. Each collection should be tested with both the diagnostic dose test and the FP/Est test (see below).
Filter pa~er test
We recommend that you test 50 4th-instar larvae by this method, using 10 to 15 larvae in each run. Young adults may be used instead of larvae. All FP/Est tests may be done on the same day.
The preferred species for these tests are Culex quinquefasciatus and C. pipiens. However, other species of Culex, as well as species of Anopheles or Aedes, may also be tested. For each collection please indicate the particulars requested and your results on the appropriate report form.
Please number your filter papers in sequence, indicating the initials of your District in front of the collection number.
